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Abstract 
The paper proposes a methodology that estimates the overall reliability of water distribution system based on the aggregated utilities 
gained from the water service. The utility of water distribution system has been calculated based on the level of service received 
by a consumer from available water volume, pressure and water quality. A measure of the overall reliability is estimated after 
weighting, fuzzification and then aggregation of these utilities. Three kinds of aggregation based modelling are developed in 
conjunction in order to verify the output results and validate the current approach. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
A significant improvement of hydraulic reliability assessment in water distribution system (WDS) was advanced 
by [1] in which they employed pressure-driven simulation to capture the variation of supplied water to customers as 
a function of pressure. The quantity of supplied water had already been applied indirectly for describing reliability by 
[2] where reliability was defined as a time-averaged value of the ratio of flow-delivered to flow-required. In [3] they 
considered both reliability and redundancy as two indices that could be used for improving total WDS performance. 
Note that the reliability of a WDS can be contemplated from two different perspectives; i) the customer’s view: the 
main goal of modeling is to analyze and evaluate system reliability in the case of water delivery cut-offs and the 
duration of these suspensions; ii) the planner’s view: the main goal is to analyze and evaluate failures, examine various 
reliability states and undertake assessment of the system’s reliability. Although efforts have generally been premised 
on the second perspective, customer-based evaluation is also important. As a result, [4] recently entertained field 
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reliability tests where the water deficiency of system failures was expressed in terms of the volume of unsupplied 
water. This approach treated the water deficit volume as the chief measure of system reliability. Nodal pressure and 
consumer demand is considered as the general aspects of current practice for reliability assessment. Some investigators 
(e.g., [5]) consider pressure as an only measure of hydraulic reliability whereas the others (e.g., [6]; [7]) consider 
available water volume as a measure of hydraulic reliability. In reality, pressure and flow are two different aspects of 
consumers’ requirements and are strongly correlated; therefore, it is logical to consider both pressure and available 
demand in the estimation of hydraulic reliability. Consideration of different types of reliabilities (hydraulic or water 
quality reliability) is another issue in reliability assessment. In the literature hydraulic and water quality reliability 
assessments are carried out and interpreted separately. However, the main concern of consumers is overall reliability. 
To consumers, a reliable WDS will deliver safe water with desirable quality, quantity and maintain a desirable 
minimum level of pressure under any condition. For a continuously changing WDS behaviors due to various factors 
and many interactive component and subcomponent, it is extremely difficult, even impossible, to estimate the 
reliability looking only to one side. Hence the developing of a methodology that harmonizes different indicators 
looking to various aspects into one overall index is necessity. Few studies consider the interaction between various 
factors to assess the overall system reliability. In this research a methodology has been developed to evaluate the 
overall reliability of WDS in terms of requested water quantity, pressure, and water quality. In the past, available 
water flow, pressure and water quality are used to evaluate the reliability. In the current research, utilities generated 
from these services have been combined and aggregated to measure the overall reliability. General utility refers to the 
quality of a WDS being serviceable to fulfill consumer needs for access to safe drinking water with desirable quality, 
quantity and pressure. Among the different techniques proposed in the literature, fuzzy technique is used to harmonize 
different types of utilities in an overall reliability. Fuzzy technique has been widely applied to solve the real-life 
problems that are subjective, vague, and imprecise in nature [8]. A measure of the overall reliability of a WDS is 
estimated after aggregation and fuzzification of these utilities. Three aggregation methods (or models) are presented 
to estimate the overall reliability namely, i) Reliability model based on cumulative utility; it is a simple combination 
of the hydraulic and water quality utilities, ii) Reliability model based on Fuzzy set method; is based on a hierarchical 
logical process in which the two utilities are fuzzified, weighted and then aggregated, and finally defuzzified to obtain 
the overall reliability, and iii) Reliability model based on Fuzzy logic technique; it is very similar to fuzzy set method 
but it requires definition of rules to be integrated in the process of aggregation. The three reliability models based 
modelling are developed in conjunction in order to verify the output results and validate the current approach. The 
methodology has been demonstrated using a real WDS of Matera city (Italy) in order to test the validity of the current 
approach under normal operating conditions. 
2. Proposed methodology 
The proposed methodology estimates the overall reliability of a WDS based on the aggregated utilities gained from 
the hydraulic utility and water quality utility. The utility (U) of a WDS has been calculated based on the level of 
service received by a consumer from available water volume, pressure and water quality. The hydraulic utility is 
obtained by combining the pressure and demand utilities, whereas water quality utility is estimated based on the levels 
of residual chlorine concentration available in water. A measure of the overall reliability of a WDS is estimated after 
aggregation and fuzzification of these utilities. 
2.1. Utilities estimation  
Reliability has been evaluated based on the consumers’ satisfaction received for the services from a WDS, and 
expressed in terms of consumers’ utilities. If the estimated maximum values of dependent parameters; pressure, 
demand, and free residual chlorine are lower than the requested minimum level of service then the utility is zero. If 
the estimated minimum values of pressure, demand, and free residual chlorine are higher than the desired minimum 
level of service, then the calculated utility is one. However, if the level of service is between the estimated and 
maximum values, then the utility is interpolated between 0 and 1. 
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2.1.1. Pressure utility  
Similar to the traditional reliability, in this study, pressure utility is considered to be zero when the pressure is equal 
or less than the accepted minimum level of pressure; full utility is achieved when the pressure is equal or higher than 
the desired minimum level of pressure and between these two pressures, utility is interpolated linearly. Equation 1 
serves to model the pressure utility from a particular node. 
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Where, Uj(p) is the pressure utility at node j, Pj is the available pressure at node j, Pj,min is the acceptable minimum 
level of pressure, and Pj,des is the desired minimum level of pressure. 
2.1.2. Demand utility  
Demand driven analysis is applied in this study, where nodal demand has been considered constant irrespective of 
nodal pressure. However, in reality, the nodal available water volume depends on the available nodal pressure. 
Consumer satisfaction depends on both available pressure and available water volume. Therefore, the demand utility 
is evaluated based on the nodal available pressure. To estimate nodal available flow under different pressures equation 
2 has been used. 
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where, Dj is the available water at node j, Dj,des is the desired demand at node j, and the other parameters are defined 
as before. Based on the available water demand and nodal pressure, equation 3 has been used to estimate the demand 
utility at a particular node. 
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Where, Uj(d) is the demand utility at node j, and the other parameters are defined as before. 
2.1.3. Quality utility  
Water quality is a function of various physical, chemical and microbiological parameters, for this study only free 
residual chlorine concentration in the available water has been used as a measure of water quality utility. As a low 
level of chlorine concentration makes the favorable environment in WDS for different microorganism regrowth and 
biofilm formation, water quality utility has been considered as zero after a minimum threshold chlorine concentration. 
Similarly, since an excessive chlorine concentration is not desirable in drinking water, an upper level of desired 
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chlorine concentration Cj,u,des and an unacceptable level of chlorine concentration Cj,max, have been considered. If the 
residual chlorine concentration in water is higher than the upper level of the desired concentration Cj,u,des, the excess 
chlorine favors reaction with natural organic matter which produces potentially harmful chlorinated by-products and 
offensive taste and odor to consumers [9]. Therefore, the water quality utility starts to reduce and will totally diminish 
to zero if the chlorine concentration reaches the unacceptable level of concentration Cj,max. Equation 4 has been used 
to model water quality utility for a particular node. 
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where Uj(c) is the water quality utility at node j and Cj is the available water quality at node j. 
2.1.4. Hydraulic utility 
As the available demand in a particular node is pressure dependent, therefore, a single utility termed hydraulic 
utility has been used in the process of reliability assessment. To estimate the hydraulic utility at a particular node j, 
the pressure and demand utilities are considered equally important and are averaged using Equation 5. 
^ ` )d(U)p(U)d(U,)p(Uaverage)h(U jjjjj x    (5) 
where, Uj(h) is the hydraulic utility at node j, Uj(p), Uj(d) are the pressure utility and demand utility at node j, 
respectively.  
2.2. Reliability estimation 
Based on the estimated hydraulic utility and water quality utility, three methods/models are used to estimate the 
overall reliability. 
2.2.1. Reliability model based on cumulative utility 
On the basis of estimated quality (Equation 4) and hydraulic (Equation 5) utilities, an aggregated utility at a 
particular node is estimated. The aggregated utility represents the reliability at a particular node. Many aggregation 
operators have been used in literature to combine different kinds of utilities [10]. In this study, the reliability of a WDS 
for a consumer is the utility related to consumers’ satisfaction in terms of hydraulic utility and quality utility, therefore, 
the two utilities interfere with each other and are considered equally important. To combine the two utilities an 
Average-type operators (Equation 6) has been used. 
   ^ `,  , ( ) ( )e j j j j jR average U h U c U h U c     (6) 
where, Re,j is the global reliability at node j and the other parameters are defined as before. 
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2.2.2. Reliability model based on Fuzzy Logic 
The development of the reliability model based fuzzy logic, require i) fuzzification of hydraulic and water quality 
utilities, ii) fuzzy inference and aggregation of the two utilities, and finally iii) fuzzy output and defuzzification process 
to obtain the overall reliability at particular node. 
Fuzzification is the process that converts all crisp number (commensurate or incommensurate data) into fuzzy 
number according to homogenous scale by assigning memberships function (MF) with respect to predefined linguistic 
variables/granularity levels [11]. In this study, all the utilities have been modelled using triangular memberships (TFN) 
functions and trapezoidal memberships (ZFN) functions. For ZFN, a is the minimum value, d is the maximum value 
and b and c are the most likely values. For TFN a and c are the minimum and the maximum values, respectively, 
where b is the most likely value. In this study, the membership functions of the two utilities have five levels of 
granularity that are expressed through linguistic variables: poor, fair, satisfactory, good and excellent. In this 
classification, the excellent level indicates the maximum level of a system’s utility that is already achieved in many 
of the best-performing cities around the world; the good level indicates the highest level of system’s utility that is 
technically feasible. The satisfactory level indicates a utility that is acceptable but lower than the good level. Similarly, 
the fair level is lower than the satisfactory level and requires further improvement. The utility level below fair is poor, 
it is not acceptable for the current condition, and it requires immediate plans for improvement. The final outcome this 
aggregation is the global reliability at particular node and is expressed by five granularity levels defined in the same 
way as the hydraulic and water quality utilities. 
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Using the TMFs and ZMFs (Equations 7), an assessment matrix (Aj,i) (Equation 8) is obtained in which are plotted 
the fuzzy values of hydraulic and water quality under five granularity levels. 
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where, ܣ୨ǡ୧௛  and ܣ୨ǡ୧௖  are the matrices of fuzzified hydraulic and water quality utilities for a particular node j under 
five granularity levels i, the index h and c refers to the hydraulic utility U(h) and quality utility U(c), respectively. 
Fuzzy rules and aggregation of the two utilities; after the definition of fuzzy values of each utility, which come 
from the fuzzification process, it is necessary to insert in the decisional engine the rules which supply the fuzzy output 
that express the fuzzy reliability. The relationships between the fuzzified hydraulic and quality utilities are presented 
by “ if - then” rules in the form “if antecedent proposition then consequent proposition”. For the current study, 
Mamdani algorithm has been implemented, and the model has been used as form of: 
j,ej
c
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c
j
h
i
h
jk,j RˆythenxandxifR  P P    (9) 
where, Rj,k is the k-th rule defined at particular node j, xjh and xjc are antecedents that express by the hydraulic utility 
and quality utility, ߤ௜௛ and ߤ௜௖ are the membership functions of the hydraulic and water quality utilities at particular 
node j under five granularity levels i (i=[poor, fair, satisfactory, good, excellent]), yj is the consequent that define the 
reliability and ෠ܴ௘ǡ௝ is the fuzzified reliability at particular node j under five granularity levels i. 
Fuzzy output and defuzzification; is the procedure for determining the crisp value which is considered the most 
representative of the fuzzy set output. Several methods of defuzzification exist; the most common used method is the 
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Centroid method (also called Center of Gravity “COG”) and is applied in this research due to its simplicity and easiness 
for programming. Applying COG method, the crisp value of Reliability (Re) has been calculated following this 
equation. 
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where, Re,j is the global reliability at particular node j. 
2.2.3. Reliability model based on Fuzzy Set approach  
This section presents a new approach based on fuzzy set theory that facilitates the system analysis and the 
computation of the overall reliability. The approach is hierarchical in that it begins by evaluating the hydraulic and 
water quality utilities, assigning weights for them, and together with fuzzy set, aggregates them in order to get one 
indicator that represent the system reliability which depict the system condition whether it is poor, good or somewhere 
in between. 
In this model, the process of definition of MFs and fuzzification of the two utilities is similar to the previous model 
“Reliability model based on Fuzzy Logic”. Here, in the process of aggregation, instead of defining rules weight is 
assigned for each utility that reflect its relative importance. To a consumer, a full hydraulically reliable system is 
unreliable if water quality is not reliable; on the other hand, full reliable quality water will not satisfy a consumer if 
the consumer does not receive the requested quantity of water with a desired minimum pressure. For this purpose, 
weights for hydraulic utility and water quality utility are assigned and are considered equally important. At the end of 
weight assignment we obtain a vector of weight WU. 
Aggregation of utilities; once the relative weight of each utility was assigned, it’s time to synthesize the lower level 
of the utilities to the upper levels. The aggregation is performed through the assessment matrix Aj,i obtained across the 
fuzzification process, in which are plotted the fuzzy values of the two utilities and the matrix of weight WU assigned 
for each utility. The final result of this aggregation is the fuzzified global reliability for a particular node and is obtained 
following Equation 11, 
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where ෠ܴ௘ǡ௝, is the fuzzified global reliability at a particular node j under five granularity levels; Aj,i is the assessment 
matrix as defined before and WU is the weight vector of the two utilities. Defuzzification; similarly to the previous 
model, the Centroid method is applied to perform the process of defuzzification. By definition [12], the centroid of 
ZMF and TMF is obtained by Equation 12. 
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The corresponding defuzzified results will be the reliability of a single component, which is calculated applying 
Equation 13. 
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T
j,ej,e CRˆR     (13) 
where Re,j is the global reliability of node j, CT is the transpose of the vector of centroid values of the membership 
functions, where, C= [Cpoor, Cfair, Csatisfactory, Cgood, Cexcellent], and ෠ܴ௘ǡ௝  is the fuzzified global reliability under five 
granularity levels. 
2.2.4. Normalization  
For absolute favorable condition, the calculated reliabilities Re obtained through fuzzy logic and fuzzy set methods 
should be close to unit and for absolute unfavorable condition the calculated reliabilities should be close to zero. 
However, by using the centroid method (COG) in the defuzzification process, it is not possible to obtain these two 
extreme values due to the nature of approximation. Therefore, the calculated crisp value of reliability has been 
normalized between 0 and 1 by using Equation 14, 
COG
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N,e RR
RR
R 
    (14) 
where, Re,N is the normalized reliability for any condition,  Re is the reliability for any condition calculated by 
COG (Center of Gravity) through Equation 13, ܴ௘ǡ௠௜௡஼ைீ is the minimum reliability of extreme unfavorable condition 
calculated by COG method, and ୣǡ୫ୟ୶େ୓ୋ , is the maximum reliability for extreme favorable condition calculated by 
COG method. 
3. Model Implementation and Demonstration 
The proposed methodology has been implemented and demonstrated through a real WDS of Matera city (Basilicata, 
Italy). Figure 1 shows the layout of the WDS with necessary data. The Matera’s WDS has 114 nodes connected by 
144 pipes with a total length of 57.71 km. water is supplied by gravity from two elevated tanks (Jazzo Gattini and 
Serra Venerdì) with the total head of 474 m, and 433 m, respectively. Pipe lengths vary from 39.5 m to 5869 m, and 
pipe diameters vary from 60 mm to 800 mm. The chlorine concentration at both reservoirs is assumed at 0.80 mg/l. 
The hydraulic and water quality simulations of the example WDS have been done using Mike Net Water Distribution 
Modelling Package. As mentioned, demand driven analysis is adopted for the current study and an extended period 
simulation is carried out. Parameters such as roughness coefficient, nodal demands, reservoir water level, and quality 
parameters have been considered as calibrated values in normal operating conditions. The available water pressure 
and water quality in each node is calculated through the model, while the nodal available flow is calculated under 
pressure conditions using the Equation 2. Each reliability model is performed for one simulation period (24 hours) 
under normal condition, where the overall reliability at each node of the whole network is evaluated in each time step 
(1hour). 
3.1. Results and discussions 
From the analysis of reliabilities results calculated for any node at each time step it is found that the most critical 
nodes in the network have been 10, 22, 42 and 449. Only results of the most critical nodes will be discussed here 
(Appendix A). The table presented in Appendix A, shows the reliability results of each node of the network evaluated 
according the three developed models. Based on the granularity levels defined previously, node 10 shows reliability 
that fleet between good and satisfactory level during the peak hours, node 22 presents reliability fluctuation more or 
less similar to node 10 but tends toward lower values during the peak hours. Moreover, looking at node 42 it is evident 
that the reliability varies between fair and satisfactory levels for the whole day. While node 449 performs very badly 
and it is considered as the most critical node in the network with reliability levels does not exceed the fair level. The 
deteriorated reliability level of these nodes is due essentially to minimum water pressure received during the whole 
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simulation period.On the other hand, Appendix A shows that the nodes 2 and 3 have fair level of reliability during the 
rush hour in the morning and continue with a satisfactory level during the second half of the day. The deteriorated 
reliability level of these two nodes is the consequence of low free chlorine concentration presented in the water. By 
analyzing the results presented in Appendix A, one can note that the difference between the reliability results obtained 
from the developed models, are very small and minor, and this is due to the different aggregation methods. The 
reliability based cumulative utility is used here to verify the accuracy of the results obtained from the other two models. 
This allows us to conclude that our two models (reliability based fuzzy logic and reliability based fuzzy set theory) 
are efficient and they generate fairly precise results.  
 
 
Fig. 1. Layout of Matera’s WDS. 
4. Summary 
The overall reliability is obtained aggregating the hydraulic and water quality utilities using fuzzy technique and 
average type operator. The proposed approach incorporates the traditional methodology which can be interpreted as a 
subset. The results obtained from the developed models showed that the approach is robust and sound. 
Nevertheless, the overall reliability has been assessed under normal operating condition which is not sufficient to 
understand the performance of a WDS under emergency conditions. Therefore, reliability assessments are necessary 
under all possible extreme conditions. Furthermore, this study was focused on an integrated reliability of a WDS, 
however integration of reliability, resiliency and vulnerability have to be investigated in the evaluation of system 
performance.  
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Appendix A. Overall reliability for the whole operation time (24 h) 
 Overall node reliability  Overall node reliability 
Node Id Based 
Cumulative 
Based Fuzzy 
Logic 
Based Fuzzy set Node Id Based 
Cumulative 
Based Fuzzy 
Logic 
Based Fuzzy 
Set 
2 89.38% 90.58% 89.85% 50 100.00% 100.00% 100.00% 
3 90.16% 91.70% 90.16% 51 100.00% 100.00% 100.00% 
4 98.75% 99.33% 98.99% 52 100.00% 100.00% 100.00% 
5 98.34% 98.57% 98.49% 53 100.00% 100.00% 100.00% 
6 99.55% 99.95% 99.55% 54 100.00% 100.00% 100.00% 
7 100.00% 100.00% 100.00% 55 100.00% 100.00% 100.00% 
8 100.00% 100.00% 100.00% 56 100.00% 100.00% 100.00% 
9 99.80% 99.96% 99.84% 57 100.00% 100.00% 100.00% 
10 83.67% 84.75% 83.72% 58 100.00% 100.00% 100.00% 
11 99.28% 99.38% 99.34% 59 100.00% 100.00% 100.00% 
12 99.02% 99.27% 99.04% 60 100.00% 100.00% 100.00% 
13 98.52% 98.69% 98.57% 61 100.00% 100.00% 100.00% 
14 98.93% 98.09% 99.01% 62 100.00% 100.00% 100.00% 
15 100.00% 100.00% 100.00% 63 100.00% 100.00% 100.00% 
16 99.91% 100.00% 100.00% 64 100.00% 100.00% 100.00% 
17 98.14% 99.39% 98.63% 65 98.23% 98.59% 98.31% 
18 96.88% 98.85% 97.51% 66 99.54% 99.64% 99.48% 
19 99.80% 100.00% 100.00% 67 99.63% 100.00% 99.56% 
20 97.32% 97.27% 97.52% 68 100.00% 100.00% 100.00% 
21 100.00% 100.00% 100.00% 69 100.00% 100.00% 100.00% 
22 81.02% 82.31% 81.75% 70 100.00% 100.00% 100.00% 
23 100.00% 100.00% 100.00% 71 100.00% 100.00% 100.00% 
24 100.00% 100.00% 100.00% 72 100.00% 100.00% 100.00% 
25 98.94% 99.21% 99.02% 73 100.00% 100.00% 100.00% 
26 99.61% 99.80% 99.55% 74 100.00% 100.00% 100.00% 
27 99.46% 99.52% 99.42% 75 100.00% 100.00% 100.00% 
28 100.00% 100.00% 100.00% 76 100.00% 100.00% 100.00% 
29 99.58% 99.91% 99.56% 77 100.00% 100.00% 100.00% 
30 100.00% 100.00% 100.00% 78 100.00% 100.00% 100.00% 
31 99.95% 100.00% 100.00% 79 100.00% 100.00% 100.00% 
32 98.08% 98.38% 98.27% 80 100.00% 100.00% 100.00% 
33 97.61% 97.92% 97.81% 81 100.00% 100.00% 100.00% 
34 96.78% 96.62% 97.02% 83 99.77% 99.95% 99.79% 
35 98.04% 98.30% 98.12% 84 99.77% 99.95% 99.79% 
36 93.84% 95.00% 94.18% 85 99.86% 99.99% 99.95% 
37 94.80% 96.43% 95.06% 86 100.00% 100.00% 100.00% 
38 100.00% 100.00% 100.00% 87 100.00% 100.00% 100.00% 
39 100.00% 100.00% 100.00% 88 100.00% 100.00% 100.00% 
40 100.00% 100.00% 100.00% 89 99.62% 100.00% 99.58% 
41 100.00% 100.00% 100.00% 90 100.00% 100.00% 100.00% 
42 65.70% 61.63% 67.69% 91 100.00% 100.00% 100.00% 
43 98.24% 98.42% 98.38% 92 100.00% 100.00% 100.00% 
44 96.72% 97.42% 96.90% 93 100.00% 100.00% 100.00% 
45 100.00% 100.00% 100.00% 94 100.00% 100.00% 100.00% 
46 100.00% 100.00% 100.00% 95 100.00% 100.00% 100.00% 
47 100.00% 100.00% 100.00% 96 100.00% 100.00% 100.00% 
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48 100.00% 100.00% 100.00% 97 99.90% 100.00% 99.99% 
49 100.00% 100.00% 100.00% 449 48.69% 58.41% 52.87% 
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